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1: Flow diagram of various 	 3 
1JT1T1 4 N1Ifl11iN 
	 8 
]1 I 	 fl'11 	 W11 	 trz  611 	 Vz dr 11 
I 	 T'41 2 : 	 1W1' ln(t1.2 ) tT'u in() dr 12 
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Table 1: Data from experiment D = 2 in, APIL = 20 lb/ft' 10 
Table 2: Data from experiment D = 0.25 in, L = 125 in 11 
Table 3 : Data from experiment D = 2 in, V, = 1.5 ft's 13 
Table 4: Data from experiment D = 2 in, V, = 1.5 ft/s 14 
Table 5 : Data from experiment D = 0.25 in, L = 125 in 16 
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2.1 Non -Newtonian fluids 
tiWaIJILIA TO I U01 	 Non -Newtonian 	 Newton's law of viscosity 
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iI 2.1 : Flow diagram of various : A-Newtonian, B-Pseudo plastic, C-Dilatant, D-Bingham, E-Plastic 
2.2 Power Law Model 
Power Law Model 	 nil 	 niiuiiii Non -Newtonian fluids 
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2. Neglect end effect 
3. Steady state flow 
4. Laminar flow 
5. Power law fluid 
6. Vertical flow in pipe 
7. Incompressible fluid 
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1) Calculate the pressure drop required to cause a fluid to flow in a horizontal circular pipe. 
Data: D = 3 cm 
Q = 1.1 liters/sec 
p = 0.935 g/cm3 
i= 1.95cP 
I = /-U L 
Assumptions 
1.) Newtonian fluid 
2.) Isothermal 
3.) Neglect end effects 
4.) steady state flow 
5.) Incompressible fluid 
6.) Horizontal flow in pipe 
L 
lith 
101flI(lJ11 	 Q = (PO-PL \ 7rR4 	 (m3/s) k. 81L) 
Q 
= (PQ-PL 
8pL ) (22-)  \  
inilrni li = ( X' 	 (Palm) \L) it \.D) 
u 	
li









2) Calculate the pressure drop required to pump water up a circular pipe with the following 
specifications: 
Q=l8gal/min 
T = 68°F 
t= l.002cP 
p = 0.998 g/ml 
L = 95 ft (with two 450 elbows) 
Height pumped = 35.3 ft 
Assumptions 
1.) Newtonian fluid 
2.) Isothermal 
3.) Neglect end effects 
4.) steady state flow 
5.) Incompressible fluic 
h 	 flflfl1 	 Q =Tc.((Po_PL)_PLsinO)() (i 	
'3n+1' 




1*i n = 1 III 	 K = 
Q - rrR4 ('o_ PL)_PLsinO) (m3/s) 
- BitL 





(P= 128jiLQ 	 pgsinO 0-PL) (Pa) 
' 
Height pumped 35.3 ft 911414 101W Wil 
(P0-PL) = 
l28jiL2 + pgsinO + pgh (Pa) 
(P-PL) 	 l28tLQ+Pg(sine+h) 0 	 70 
 
(Pa) 
(PO-PL) =36.42208+113,1669.7 	 (Pa) 









3) For the data collected and shown below, calculate the volumetric flow rate to be expected through a 
circular pipe. 














PO 	 1L 
Assumptions 
1. Isothermal 
2. Neglect end effects 
3. Steady state flow 
4. Horizontal flow in pipe 
L 
11fl Table 1: Data from experiment D = 2 in, AP/L = 20 lb/ft3 flJTIfl plot  










1: 	 13J Tfl1 t , lb/ft' U1 dvj'dr, 1/s 








lfl(trz)lflK+ nln(—   —) 
' dr, 
91 	 eA 
ifl1fl11 plot 	 11 lfl(trz)fi In (- 	 -') 	 flT1lJW1Urn4 y 	 InK 
'. dr, 
lI2 	 1fl-fII n 






0.40 0.644 -0.91629 -0.44006 
0.60 5.780 -0.51083 1.754404 
1.00 31.500 0 3.449988 
1.50 92.500 0.405465 4.527209 
2.00 185.800 0.693147 5.224671 
2.50 311.500 0.916291 5.741399 











¶Y1fl11 	 2 DATIU115 plot 1'61' in(Trz)tJ In (—dr ) 	 niflitrn. 
y flD inK 
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 .  • 
2 	 11 In(-r)T in (— dVz) qj 
¶1111 	 2 : 	 1 1'1 lfl(Trz)IJ in (- 	 ) Mil n = 0.311 	 111J \. dr 
ViflTh f1 Pseudo plastic L 	 inK =-0.932 ITTWU K = 0.3938 Ibrs°311 ft2 
1flrYJfl17T (10) 
(P. — ft () 	 fl 	 3n+1 
= 	
2KL ) (3n+i)R 
1 
= 	 G 0.311 	 \ (20 ibf 	 ft2 	 )oT T 	 1+3(0.311) + 3(0.3 11)) 	 03938 ibf• 0.311 	 (0.0833 ft) 0.311 
ft3  
	










4) Given the pipe flow data shown below, determine AP/L. 














2. Neglect end effects 
3. Steady state flow 
4. Horizontal flow in pipe 
PO 	 PL 
) i!T: 












¶flfl Table 3 : Data from experiment D = 2 in, Vz = 1.5 ft/s ,61MID plot 1 1'31 IU1 
dv/dr 111VJ  4 qTllww 
3: 	 ]W1' T, lb/ft2 Ufff dv/dr,  1/s 








U MAT17 plot W1 lfl(Trz)f1J In () 
	
niflirn- y kJ lnK 
12JGlfl41O n 





2.00 5.000 0.693147 1.609438 
2.79 20.000 1.026042 2.995732 
3.48 50.000 1.247032 3.912023 
4.10 100.000 1.410987 4.60517 
6.05 500.000 1.800058 6.214608 











4 t8Vi1fl1 plot 	 I11' lfl(Trz)f 'U in (- 
	 ) 
y f1b inK U1 	 n 	 5 
4: 	 i i'fl' 	 Wi 1n(t.)t'.ii in (- 
' drl 
11fl 'SAI 4 : 	 iWi in(Trz) ti in (-- 	 vni'ii n = 0.261 
' drl 
Pseudo plastic Unt. inK = 0.240 114 K = 1.2712 1bs°261 ft2 
do 
Y111 	 flh11'A 	 = 1.5 ft/s 
it 
	
1ft 2 	 ft 	 ft3  Q = A = (2 in --_) .(1.5—) =0.0327— 
n1Jnic (10); 
Po 
 - L 	 3n+1 
2KL ) (3n+1) 
1 (P0 -PL 	 (1_+ 3n 	 1 	 1+3n 
L ) = 	 nil )(2K).Q.R
-Hr) 
(Po — PL \ 	 (I+3n 
L ) = 	 ) 2K Qfl . 
PO -- (1 + 3(0.261) 0.2617 	 27 ft  0.2617  ( .2712 lbf SO 	 (0.03 	
) L ) - 	 0.261il ) 
	
2 











 - PL 	 lbf L ) = 107.172 
Modified Reynolds Number: Re' 
inJni (35); 
64 	 Dpi 2 
	




Assume P = 70 ibm/fl3 ; 
ft2 Ibf s2 \ 1.5 ft 2-0.298  70 ibm 	 ______ 	 _______ 
	
Re' = (0.1667 ft)°261 (
-i) 	 () 	 (1.2712So.26i) (80.298_i) 
Re' = 10.0823; Re <2100 fill 	 4flh1flJLfill (Laminar flow) 
5) For the data collected and shown below, calculate the volumetric flow rate to be expected 
through a circular pipe. 
Plant data 	 mass flow rate = 940 ibm/S 
D = 12 in 
P =l2ibm/ft3 
Laboratory pipe flow data (viscometer) 
Table: Data from experiment D = 0.25 in, L = 125 in 





















2. Neglect end effects 
3. Steady state flow 
4. Horizontal flow in pipe 
il1fl Table 5 : Data 
PO 	 PL 




from experiment I) = U.2D in , L = 12 in 0 in lU piot ri J IJg1iJTT1111J I 
17 
mass flow rate 	 lo ijci 6 
EEEEEEEEEEEEEEEEEEEEEEEE 








== == = = ==== === == ===== = = === ======= == = 
• II 	 II 	 II 	 IS 	 II 	 .11 	 II 
I . • 	 I 
5: 	 L\P , lb/ft3 	 Mass flow rate , lbIft3 
Blflldiil 5 V1-)1 	 1TN AP 	 Mass flow rate 	 1I4V1t 
qJ04 Pseudo plastic 
uJ1flt'YJfl1; 




0 	 f(PO-  PL)D 11JYF1fl1 plot 	 in 	 4L 	 ) 	 In  (')' 



















in(DAP/4L) 17 in (8/D) 
40 3.95 1961.1798 0.001972 754300 -6.2288 13.5335 
100 5.21 4902.9496 0.002601 1885750 -5.9519 14.4498 
200 6.41 9805.8992 0.003200 3771500 -5.7446 15.1430 
400 7.88 19611.7985 0.003934 7542999 -5.5382 15.8361 
600 8.85 29417.6977 0.004418 11314499 -5.4221 16.2416 
fDiP\ 
101flO11511TI 6 iallmtl vhim plot 	 ii1n 	 i tTij in 	 T1 2 
4L 	 (TV9 S5 
(L"-P-) 	
f817\fl 
1Jfl 6: 	 1fl1 In — I U1 in I— \4L1 
J1fl 'LI 6 : 	 In(24) u 	 In 	 = 0.298 	 iUllltl 
-5 
1bf'SO.298 










1f1l111111 mass flow rate = 940 ibm/S 
D = 12 in 
p = 12 1b/ft3 
flfl 	 Jfl1; 
- Q 
Vz = TrRI 
12 in " 2 ibm / ft3 (o 	 ) (,t)& 	 T7) 
= 62.67 ftls 
(1 





' 	 '\3n+1 (M)) =  
'3n+1 	 2K 
M = 
ft 01 298 2 (3 5 x iO-5 	 s°298 
	





. (62.67-) 	 ft2  0.298 
M = Pü — PL = 0.001025 
	
L 	 ft3 
Modified Reynolds Number 
¶J1fl11Jfl1; 





7 ft 2-0.298 (60 ibm 
	
Re = (1 ft)°298 
. 
(~L- 
ibf 	 ft2 
s2\(3.5 x 10 lbf S0.298) (80.298_1) 











6) Given the pipe flow data shown below, determine the çversus 	 curve dr 


















2. Neglect end effects 
3. Steady state flow 
4. Horizontal flow in pipe 










1fl Table 7: Data from experiment D = 0.25 in, L = 125 in VAJ15D plot fl')13JV(3jM14n-_ii'ii AP inn  















INIZOOM -run==Wu= nu 





• IXIII 	 •SISL 	 SISIlI. 	 .1,1.1: 	 IJ,  
• iVi. 
7: 	 1 	 71fl1' AP, lb./ft' Ufff. Q , lb /ft'  
nnii 7 	 AP ui Mass flow rate J' l11HthtpI 
Pseudo plastic 
11 )1flfl11O' 	 VI1i'1 Twmifm IW Q = 0 ft3/s , AP = 3.9 lb/in2 
	
G 	 4 	 61 
	
)1 J1)1flfl1J I 	 1Jfl1 I1'1 pressure drop 141A 01 	 11J1 W11 10014 L111 	 11J11i14 
i 	 bi 	 lq 	 UI 	 Ui 	 o 	 UI 	 Ui UI 
t11J0l 11111 JJflT 10fl 	 11fl0fli 	 41 101 	 Tht0101 AP YiOlU 191ZIIJ 
UI 	 blUI' 
00fl0'1J 3.9 fl 	 101011140 	 J%i1'1 
























In (- DiP--) = inK + n in (-h-) 
D11 	 A'A innii (20) i ilnini plot 	 in ()ITU in 
 () 4L 	 D 
1L4 y iO inK !,J1 	 11fl4J n 












0.000000 0 0 0 0 - - 
0.000187 1.3 0.527271 0.000691 198.502 -7.27791 5.290799 
0.000374 2.21 1.054542 0.001174 397.004 -6.74729 5.983946 
0.000935 3.25 2.636355 0.001727 992.5101 -6.36162 6.900237 
0.002240 5.85 6.315973 0.003108 2377.778 -5.77384 7.773922 
0.003750 8.85 10.57362 0.004702 3980.655 -5.35986 8.289202 
0.004300 10.4 12.12441 0.005525 4564.485 -5.19847 8.426061 
0.004860 14.3 13.70341 0.007597 5158.929 -4.88002 8.548484 
0.006550 29.6 18.46858 0.015725 6952.878 -4.1525 8.846911 
0.009350 55.3 26.36355 0.029378 9925.101 -3.5275 9.202822 
/DtP\ 	 /8V 











91fl thi 8: 	 1 1'1 in 	 ui in (e) 
fl 
vJ1i'1 n = 0.853 4L 	 D 
lbfs°8536 °- 









( dv, 	 - 8(3n+1 
dr ) 	 D 	 4n 
Tw Ufff ()bT 




lb/in 	 S 
	






















(- dv. \ 
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0 	 500 	 1000 	 1500 	 2000 	 2500 	 3000 
(-dv/dr), s1  






0 +-------------------------------------------------- -----------------------1  
0 	 1 	 2 	 3 	 4 	 5 	 6 	 7 	 8 	 9 
In(-dv/dr) 












i3Jii'O 60 cm, 	 11Pjl46nfl 3 mm 











Vi 14: i i'i 'r 	 y 	 60 cm, 	 ifli1 5 mm 











iii16: fill 	 -alai 	 W1 I t, fTj ' 	 11Yi 30 cm, 	 1tflIN 3 mm 














0 + 	 r 	 - 	 r - 	rTr 	 1 
1,200 1,250 1,300 1,350 1,400 1,450 1,500 1,550 1,600 1,650 
(-dv/dr), S4 
Vi18: n 	 'r 	 y 	 iJtn'j 30 cm, 	 iufrtjflaii 5 mm 
3- 






2.75 - H--------------------------------------- -------------------------I 
2.7 ------------------------------------------------------------------------ 
0 	 1 	 2 	 3 	 4 	 5 	 6 	 7 	 8 
In(8Vz,avg/D) 
	
i19: nii wi 1n(t) ti'ii ln(32Q/11D3) 	 inJi 30 cm, 











crni 1 	 in 	 1niiwm i'ni' 








A I llJ'41fli plot nvviii 1fl(Trz)f"li  in ( 
	
) 	 I 	 y k inK 
um. tniviAD n1411 1I11i 2tlJ plot 	 1n(t)íii1n(—) 
ib°311 
 dr 
n = 0.311 rn1fIll 	 14111 )1)1) Pseudo plastic II1) inK =-0.932 1)'.11414 K= 0.3938 	 f2 





bI* 1;  
ddr 
	
lfl(Trz)lflK+ n - In 	
vz) 
UJ1YII1I1TI plot 11Th lfl(Trz)ITIJ in (z) 	 y k lnK tl1 dr 
11J14n 	 WIlfl Ii 4 L)IIJ plot 	 1 1'TT1'1 in(Trz) ti in(_iiJ'i fl = 0.261 dr 
1)111bI111)I11111) 1)1) Pseudo plastic LL1) inK = 0.240 1)U-11.4 K = 1.2712 
3. 01t11i 5 	 AP LL1 Mass flow rate TlUiltv 




 - PL) D\ 	 8 r 












10o1ni plot wi In (°__PL)D\' 
	
tu in 	 n 	 iiuni y 
	
k. 4L I 	 D) 
flOinK tli 	 1Uk) n 	 1.1,4)1fl IJ 6 L1)YI1n1 plot 	 11l11'1N in ( 4L 
in 
(!)fl 
 nii n = 0.298 VADVIAOWYi0 k) Pseudo plastic I1 inK = 0.26 NUN  
K = 3.5 x 10 	 lbfs°298 ft2 
4. IMIA17101 7 	 1 	 l '9J1flfl1fl1l1tJ'1 1JY1U'flWOMID1711iffilaJON Q = 0 ft3/s, 
AP = 3.9 lb/in2 	 1 	 pressure drop 14 111W 
9) 	 91 91 	 19 	 Ii 	 ' 	 o 	 4 9) 
t11IJf)' V}11 UflJfl1 	 1Ifl1) 11fl11)J 
' 	 919) 	 9) 	 919) 	 ' 
AP wm 	 O)fWflJ 3.9 fl11 	 1flJF 
Inn 	 8: 	 iwii in (DIW)  u ln (i)'9 N1]'1 n = 0.853 	 iiiJ 
-6 IbjS°6536 
1WV11 fRID Pseudo plastic tL 	 inK = -12.04 011414 K = 5.8739 x 10 	 ft2 
0 	 4 	 9' 	 • 	 II 
rnrni 2 : 11fl1 	 fVJ1flh1 a I Fj flYI14ffl. 
1rn 1nii 	 nj'1 
5. IYin1i 12 : 	 ')i'i Shear stress (t)  f'1i Shear rate (y) L11fl11YifJ 
D = 3 mm, YiOtJ1) L = 60 cm ,UVOTMIUMIJ shear rate 1fl1 1flTh11(Q) 	 1IIt1 shear rate 
• • 	 9.' 
IVIIJ'1J14 11 shear stress 	 1t11JOl4W)tJ 
6. IinVi 13: 	 1i 1'1'i ln(t)  fTli ln(32Q/JTD) 	 ]l4fl1O D = 3 mm, 
	
'U1 L = 60 cm, Mo-PIffll plot 	 i'i'i ln(t) fii ln(32Q1J1D3) 
1JhIfl(n) = 1.6912 
	
w iUfri4 y (inK) = -10.467 
1.6912 	 2 (32Q\ 	 9.19.)' 
Iflfll1iJfl1'r1 (21) ; in ((L+H)PD) = inK + n In -) ¶1 '?l'1] K' = 2.846x10 5 N s 	 /m L1I 
-5   K2.846x10 NS1.6912/M2 
64 	 Dflp2blR476l33l I1f1YJ11fl (36) ; Re 	
K()'- 	 K8(1) 
9.) 	 • 	 9) 	 o 	 o 
Innn]q 111t111 q l1trn 










7. 14 : 	 Shear stress (ç)  ti Shear rate (y)  11Tifl]'fl'iJ 
D = 5 mm , Y10811 L = 60 cm j1jDTi1flM"-]j shear rate 1fl1L1fl1h1l(Q)Mijildilashear rate 
8 
1J111 fil shear stress 	 1l'1J 
8. ini1 15 : i11 	 1'1 ln(ç) f1J  ln(32Q/JID3) iL 	 111fl111V0 D = 5 mm, 
Y001'1 L = 60 cm, M T11MI plot 11'11' In(r) t'1J ln(32Q/JJD3) 
111Jffl(n) = 2.5126 	 ULfl11 y (inK) = -15.6680 
	
9/ 	 7   
flfltThfl17i (21); in ((L+H)pgD') = inK + n in (.2) 91'1 K' = I 5685x10 N S2.1126/M2 
	
 4L / 	 iiD3 




64 	 0n_(2_n) 	 ,, 1l I1')1 Re = 533.5910 
	
1fl?IJfl1fl (36); Re 	
K8 	
8 	 K8(-1) 
DE 
9/ 	 o 	 81 
inmnin' i 	 i,iiqiJwun- Lrn1 
Dilatant 
9. 9ini 16 : 	 ili 	 IU 	 1'13 Shear stress (') I1 11 Shear rate (ç)  
D = 3 mm , YiMJ1'1 L = 30 cm ,lIil1Vhfl1ThJ shear rate 1ni inihi(Q) 1flJ'13J shear rate 
11J 5U14 fli shear stress 	 1lT-lWitJ 
10. 101fliflil 17: 	 11J 	 Ifl1'1 In(t)  f1i ln(32Q1J1D3) 	 14fl1WV1tJ D = 3 mm 
L = 30 cm, 11iliV1fl1 plot 	 W1 1n(t) fi'li ln(32Q/JID3) 	 1fl1 fl 111 
lfllIJ"Iru(n) = 1.0378 	 '11114 y (inK) = -5.4110 
3   
	
_______ 	
(32Q\ 199/' 1fl1JflTI (21) ; In ((L+H)pgD\ = inK + n in -) I Li'fl K' = 4.4672x10 N S1.0178/M2  
'. 4L I 
MM 	 K=4.5098x10-3 
Ns1.0378 
 i'm 2 
64 	 01 0) YI1 ¶) I 	 Re = 439.1778 1nt'Y2Jn1TYI (36); Re 	
K1811\ 	
8 	 K81) 
flflflh1)11 	 11i111 	 1tJI41UI]11 










ii. IiIiIffi 18 : 	 Shear stress (t)  ITU Shear rate (y) 
Yit D = 5 mm, YiUJTJ L = 30 cm , 	 1fl1tJ shear rate I ui 	 iifli?h1i(Q) 1JitF shear 
rate MIAM f1l shear stress 	 i4'tJ 
12. inii 18 f 	 wii 1n(r) fi In(32Q/JID3) 	 iflli 	 D = 5 mm 
L = 30 cm, WOiTIfI17 plot 	 ln('r) flJ ln(32Q/JID3) 
Ifl 	 = 1.1734 	 MflU y (InK) = -5.7053 
(L+H)pgD 	 132Q\ 	 • 	 -3 1.0378 2 iflY3Jfli(21);In 	 =lnK+ n1n(—) 	 W)1 K' =3 3283x10 NS 	 /M( 4L ) 
K = 3.4786x 1 0-3 Ns1.0378 /m2  
64 	 Dnp7(2_) 
ni iiflJfl 	 Re=499.184Iii (36) ; Re 	
K18• 8 	 K8O1) ) 	 r 
o 9) ' o 	 11 
flnnit_i1 i 	 iiiiun-n 	 rnitrn 












I 	 91 
crnii'n 1: 
1. Th1J Newtonian fluid 	 fl] i l4(Shear rate)1 	 tU tUII) 
f11 
2. ?miii Pseudo plastic (shear thinning) 	 Wfl1ifl4(Shear rate)1 	 1lN til 
-TjJf11 
3. ?ThiJ Dilatant (shear thickening) 	 1fl1LrU(Shear rate)1 
q 	 qi 
floWn 2 	 n1nifl11h1q 1fl41 OIrnThO 
n1uru lfl11tN 
9)9) 
4. ] 	 1J1i1 	 1JJ6WU 0.7 g/ml 	 ?q'tiiU Dilatant 
e 
5. n, K 	 411i149IQ1 
	
9) 	 9) 	 9) 
6. 1flh 11T4,UblI 
9,  
%ffiff 1401114-W 
9) 	 9) 	 9/ 9/ 	 o9)' 	 Ill ¶)11 	 11iN r1lThii1.4 
Dilatant A4106115 
	
9/qi 	 9A 	 • 	 9/ 
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Ui 	 ifltflO3 viscometer 
fl11J: i1J14iu1i1 
fillIAIMIM : 0.7 g 11MITU / 100 ml 1i 





107.8 538.1 5.551 9.46 
107.8 538.1 6.788 10.9 
107.8 538.1 6.497 11.6 
107.8 538.1 6.243 10.3 
107.8 538.1 6.606 10.8 
179.6 971.6 10.7 11 
179.6 971.6 12.12 12.2 
179.6 971.6 12.34 12.5 
179.6 971.6 11.39 11.7 
179.6 971.6 12.16 12.3 
279.6 1610 20.25 12.6 
279.6 1610 21.88 13.5 
279.6 1610 22.57 13.9 
279.6 1610 20.98 12.9 
279.6 1610 22.39 13.8 
500 2705 40 14.4 
500 2705 40.4 14.8 
500 2705 41.56 15.2 
500 2705 38.94 14.2 
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0 	 3 Density at28C 	 1165.7 kg/rn 
311 	 3.141592654 
g 	 9.807 m/s' 
In(pyD 	 32Q __(L+H))= InK' +nln(-) 
Tube Length 	 0.6 m 
Inside Diameter 	 0.005 m 
H(m) Qsivg(m3/s)  ln(T,) 32Q/JID3 ln(32Q/JID3) 
0.110 1.9313E-05 16.90986 2.82790 1573.78519 7.36124 
0.090 1.9130E-05 16.43353 2.79932 1558.83227 7.35169 
0.070 1.8822E-05 15.95719 2.76991 1533.75454 7.33547 
0.050 1.8573E-05 15.48086 2.73960 1513.42345 7.32213 
0.030 1.8506E-05 15.00453 2.70835 1507.98417 7.31853 
12 
Tube Length 	 0.3 m 
Inside Diameter 	 0.003 m 
H(m) Qavg(m3i'  ln(tw) 32Q1J1D3  ln(32Q1J1D3) 
0.110 5.3598E-06 11.7178 2.4611 2021.9987 7.6118 
0.090 5.1550E-06 11.1462 2.4111 1944.7555 7.5729 
0.070 4.8770E-06 10.5746 2.3585 1839.8783 7.5175 
0.050 4.7478E-06 10.0030 2.3029 1791.1179 7.4906 











Tube Length 	 0.3 m 
Inside Diameter 	 0.005 m 
11(m) Qavg(m3i's) 
 In(tw) 32Q/31D3  ln(32Q/JID3) 
0.110 2.0219E-05 19.5297 2.9719 1647.5720 7.4071 
0.090 1.8638E-05 18.5770 2.9219 1518.7405 7.3256 
0.070 1.8388E-05 17.6244 2.8693 1498.3483 7.3121 
0.050 1.7473E-05 16.6717 2.8137 1423.8078 7.2611 











D inside diameter D 
 
20 qi 
Power Law Model 
VGi 	 4 
Power Law Model 	 flVi1lc fli flJ1 	 1JjçViJtJ Non -Newtonian fluids 
I dv\' 
(1) 
4 	 • ci Ns 
IJ K lt 	 11-flJIiJ14 
M2 
dv 4 	 -1 
--  dr 	 1IJ 	 1fl11 	 J11i14 s 
n RD flow index IWA n> 1 Ala Dilatant, n < 1 AD Pseudo plastic , n = 1 t1 Newtonian fluids 
4 	 c4 	 4 
I,11flIAeutl, Newtonian fluids i1 K flO1 	 1lJt111l (viscosity) 'UtIfl 




2. Neglect end effect 
3. Steady state flow 
4. Laminar flow 
5. Power law fluid 
6. Fluid flow down in pipe 










Rate of momentum balance around shell 
(rate of momentum \ (rate of momentum\(sum of forces \ - (rate of momentum 
in shell 	 ) - 	 out shell 	 ) + acting  on shell) - 	 accumulation 
(27rriz'çI) - (27trAztIr, r) + (27rr&)pv72I - (2irrAr) 	 + (27trAr)PI - (27rrAr)PI + + rpg = 0 
11 " J 2mrzz 	 limit 1814' & U Az 	 0; 
- d(rrrz) 	 - d(rpv) - drP 
dr 	 dz 	 dz 	 rpg 	 0 
Isothermal : 1Jlfl11Uthl, p 3AINT1 
v*i(z),rf(z) rpd(v)  =0; dz 
- d(rrrz) 	 dP + r— +rpg= 0 dr 	 dz 
dPP 	 PL-  PO 	 PO-  PL 
dz Az 	 L - L 
- d(rTrz) 	
r 
(P0- PL+ pgL) 
=— dr 	 L 
M 
= 0 PL+pgL 
L 
d(rrrz) 
= Mr dr 
d(rtrz) = (Mr) dr 
J d(r't.) = f(Mr) dr 
0 	 • 	 bi 	 0 	 C 
11fl1fl1Thfl 	 Lflili 	 01 	 UI)1iL1i 	 111 1; 
Mr 2  
Trz+ C1  2 
11'J r; 
Mr 	 Ci 
	
Trz+ 	 (2) 
'Ui 6iJ1 (B.C.) 
1.) @r=0,v finite 	 j 	 O -)ç =O ; 











UTh B.C.1) 	 (2) 	 I*i;  
00 
0 = 0 + 




Athf1i 	 (1) VillwalimITI (3) 
	
I*i ;  
K
= 
dv'1 	 Mr 	 (4) 
( dr)  
1 








U41 . iirnrnmni UIJIJ Jfll	 1J,1J1 f1 	 2; 
(n+1 
M 	 _ 
Vz 	 n+1 I + C2 	 (5) 
-- J 
	
Vfl,A B.C.2) 	 Jrn 	 (5) 	 bI*1; 
- 	
'In n 
C2 — 	 (—'jRn 2K 	 \n+1, 	 (6) 
UTIUNUMITI (6) rnJtn (5)1*1; 
1i\ 
= 	 (_a_'\ fn+i\ (±!)\ 
2K 	 \+i) (R( ) - r n ) 
	
(7) 
YJfl1 	 (7) 	 velocity profile 	 1J 	 v 013MUTIMI z TUMJ i'fi(r) 	 111D v =J(r) 
(Q) 
MIDIMW shell 
AQ = (2itrAr)v,  
Ar dr Mm AQ dQ I*i; 










11 1 _ 	 4 	 4 1iU1 Q = 0 fli Q = Q UM r = 0 tH r = R; 
	
Q 	
fRf dQ = 	 2Ttrvdr 	 (8) J o 	 0 
1f)rnJfl1(7) v =j(r) , Wfll1rnJfl1ci (7) 	 4ZflJfl1TI  
QW   R n+1 -i-i Q = 2ir 
	
( 	
\) 1 r (R(m) - r(nm)) dr 
n + 1' Jo 
11 
	
/ M i) n+1 
	
R 	 n+1\ 	 (2fl+1 
	
Q = 2-n () ( 	 ) f (rRfr7 - r _ir))  dr 
	
(i- \ 	 / (±.\ 	 (3n+i 
M ) n IRn) 
	
Q = 2it () ( +1) 	
2 - (: 
1)  
	
iM () 	 fl 	 3n+1 1 	 n \ Q=21r) (+1)R()&_3+1) 
i\ ( 
 
') fl 3n+1 n+1 Q =2m (2mK) 
M ( ) I 
1\ 
) ---RT) 	 (9) 
I3fl+1\ 
2K	 (3n+1, Q=ir - 	 ') 
1fl 	 P0- PL+PYL M = 	 m1W11fll '1J  L 
2KL )(
1)  Q=Tr(F'0PL+P9 	 I3fl+1\ 
	
(-:;) RLi) 	 (10) 
11W1LSlJ , v; 
fln 	 Q=A 
- 
vz = Q 
4 UThA=IIR 
- Q (1 1) vz =;j  
Jn1 	 (10) 	 1Jn1c (11) 
(1\ 

















(M\i ! 	 (13) 
= —1 Rn 1flr3Jn1'1'p1 (4); 	 2K) 
Mr inJni (3); 	 Trz = 2 	 (14) 
innic (12) iVIAIII3i i1'; 
qJ 
(M) () = 	 (3n+1) R*) 	 (15) 










dr 	 - n D 
i1W51irnJfl1 1I1*11; 
i dv 	 8,Tz 
	
= 
•_i5_'\ 4n ) 	 (16) dr ) W 
oo- Jflfl1I' n 	 ¶J 	 fl1; 
(8—v, (3n+ 1 n I dv z ) = 
D 4n 
dv 	 3n+lY' 87 " 
	
= ( 4n ) 	 (17) 
 ), 
Power Law Model 
Tw = K' 
(_ dv z )wn 
dr (18) 
vrnYJfl1 	 (14) Uff (17) 	 bJflT 	 (18) 	 1* ; 
MR 	 +1 nj 
(_-) =1<' ~(
3n 	 ) (-h-) 
3) 	 bi3) 61 in 
	
1tYJfl1 	 Ti; 
(-2











'3n + 1)fl 	 (Vz 
in_) =inK'+lni 	 +in 8 
-) (¼ 2 	 \ 4n 	 D 
'3n+1 	 8Y 'MR 




f(P0 — PL+pgL)D\ 	 __ 
In 
	
	 I 4L 	 in K' (
3n+1 
) + in 	 (19) 
1Jfl]T 
	
 4n ) 	 (i9)l*1; 
	
in 
((Po - Pi - PYL)D) 
= inK + n in (—D ) 	 (20) 
MIMI O 
- 'L 	
bI 	 O - P, = pgH u'I 	 = Q A 
4 
	
1l141 4 10111 rini 	 20 
In ((L+H)pgD = inK + n 	 f32Q\ 4L I 	 In(—) 	 (21) 
' 
ti1'hflU 1Ifl-llJ14 ¶1flYifl1 Power law fluid l'Yl 	 lJU 1tJ1iflhi Newton law of 
3, 
viscosity W44 




UTO n = 1 , KJflThth-





fl1Jfl1 	 (7) 	 I1IJni velocity profile 4I 
- 
P0 ft 1 
= 	 ) (R 2 - r2) 	 (22) 4tL  
4 
1flJfl11 (10) 	 1ThJflY Hagen-Poiseuiiie equation; 














- 	 1. Isothermal 
2. Neglect end effect 
3. Steady state flow 
4. Laminar flow 
5. Power law fluid 
6. Incompressible fluid 
Rate of momentum balance around shell 
 
(rate of momentum '\ (rate of momentum) (sum of forces ) (rate of momentum 
in shell 	 ) - 	 out shell 	 ) + acting on shell) ' accumulation 
(27rrAztrzI) - (27TrAztrr±Ar) + (27rrAr)pv 2 - (21rrAr) pv 2 I + 	 + (27rrAr)PI - (27rrAr)PI + 
+ (27rrArAz)pgsinO = 0 
'T10*tJ 27TArAZ unzli limit lJl1' Ar an. AZ iiilii' 0; 
- d(rrrz) 	 - d(rpv) 	 - d(rP) 
dZ - rpgsinO = o dr 	 dZ  
Isothermal: tUIIJ1414111WA, p Uffifilyl  
v*f(z),r#f(z), rpd(v)dZ 
- d(rtrz) 	 dP 
+ r 	 - rpgsinB= o 
dr 
dP AP 	 PL-  PO 	 PO-  L 
dZ AZ 	 L - L 
- d(rt) (P0- 
 PL) r dr 	 L 	 + rpgsin0 
d(rtrz) 
-r 
 ((Po-  PL) 
 - pgsine) 









d(r-t) - r ((Po_P)—pLgsinO\ 
dr - 	 L 	 ) 
d(rtrz) - r 
((Po - PL) L - PLsine) dr 
-  
f d(rrrz) = f r ((Po - PL) - L 	 )dr 
0 	 co 	 1J To 
111nirn1n1 U1J1i 






rTrz 	 + Cl 
1'J r; 
((PO._ PL)—pLgsin8\ + 
Trz 	 L 	 )2 	 r 	 (24) 
1U44 N = (F0 — PL)—pLgsinO L 
Trz N1+ ! 
r 
1i19J (B.C.) 
1.) @r=O,v= finite 4= 0 4  Trz = 0 dr 
2.) @r=R,v=O(nos1ip); 




1Jfl11 	 C1 = 0; 
Nr 
	
Trz = 	 (25) 
YJfl1 	 (1) 	 tJfli 	 (25)1"1; 
dv K (_ 	 Nr 
	
dr ) 	 —2 = 
1 
dv =-(N)—n ER rGijdr 
47 














+ 	 2 	 (26) 
UYW B.C.2) 	 (26)  
' 	









	 (±!)'\ = 	 (_!_ 	
- 
- V 	 2K 	 n+1i (l- 	 r " 	 (28) 
WO N = (P0— PL)—pLgsino L 
((PO 
- PL) - pLgsinO )
11 ) fl  +1 	 +1 ) 	 (29) V = 	 _ 	 R 	 - r) 2KL 	 L + ) ( 
14 
rnJffl 	 (29) & velocity profile 	 v 11UlflUrn z 1fl'1J 	 fl(r) UalYia IHIa v =fir) 
iioiniiirnci 
'W~WITI shell 
AQ = (2itthr)v,  
ibAr dr U1 IQ dQI*i; 
dQ = 2rnvdr 
4 	 4 1Th41 Q 0 H Q = Q MM. r= 0 N r = R; 
	
fOQ dQ = 1R 21rrvdr 	 (30) 
(29) v =fr), 	 JI 	 (29) VIDIOUMITI  	 (30) l*i; 
	
N () 	 R 	 \ 	 fl+1\ 
Q = 2ff () ( 	 ) I r (R(T,' - 	 dr n+1 J0 
I 1 	 R \
	
(N)  ) 	 I 	 Ifl+1(2fl+1()—r nQ = 2 
	













(3n+ 1) 	 (311+1 
/ N \n) 	 n 	 I R n I 	 Rk Q = 2 	 ) ( +1) 	 2 	 - (3fl+ 1) 
IN 	 fl 	 '3n+1' 1 	 n 
Q=2Tr(.) () (+1)R/&_3+j 
'N () 	 fl 	 3n-l-1 	 n+1 Q=2iT_) (fl+l)R()(23fl+l)) 
I 1\ I3fl+1\ 
- 
(!i) ) (---' RTii) Tt 2K 
	 \3n+1) 	 (31) 
(P0 — PL)—pLgsinO 	 ' 	 ' '' i1u1 N 
= 	 ; WfllTh1flflJ l) JWu1, L 
(3fl+1) 
Q=T[ ((Po— PL)_PLsinos)() (__!_'\ R 
 2KL 	 / 3n+1' 	 (32) 
'4 
1411'4IJ, 
:nn 	 AV.  
-Q 
= A 
14 A = TtR2; 
— Q 
vz 
— 1TR2 	 (33) 
I1rnJn] (31) lJni (32) Ini; 
In+r 
— — ((P0 — P)—pLgs1nO 
— 	 (in  2KL 	
)() 	
__"  
+1) 	 (34) 
Modified Reynolds Number 
?T1iu Newtonian fluid (Laminar flow, Re :!~ 2100) 
Re = 









-  _f!_ 
p 	 D2 
DAP 	 8 f= —---- =T - 	 (35) 
Power Law Model 
n-t !:ii ,rn 	 11lN1-1(1 (r = R) 1 
= K(y' = K (!!!±!V 	 K ()1 (approximate derivation) \D 4n1 
(35) 	 l"i ;  
f K8'\ 8 D) pi 
Assume that for laminar flow, f 	 (from Newtonian fluid) Re 
64 	 D1pic(2_n) Re 8 	 K8( 1) 	 (36) 8K(--) jr 
50 
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